Irreversible exit from the cell cycle precludes the ability of cardiac muscle cells to increase cell number after infarction. Using adenoviral E1A, we previously demonstrated dual pocket protein-and p300-dependent pathways in neonatal rat cardiac myocytes, and have proven that E2F-1, which occupies the Rb pocket, suffices for these actions of E1A. By contrast, the susceptibility of adult ventricular cells to viral delivery of exogenous cell cycle regulators has not been tested, in vitro or in vivo. In cultured adult ventricular myocytes, adenoviral gene transfer of E2F-1 induced expression of proliferating cell nuclear antigen, cyclin-dependent protein kinase 4, cell division cycle 2 kinase, DNA synthesis, and apoptosis. In vivo, adenoviral delivery of E2F-1 by direct injection into myocardium induced DNA synthesis, shown by 5 Ј -bromodeoxyuridine incorporation, and accumulation in G2/M, by image analysis of Feulgen-stained nuclei. In p53 Ϫ / Ϫ mice, the prevalence of G1 exit was more than twofold greater; however, E2F-1 evoked apoptosis and rapid mortality comparably in both backgrounds. Thus, the differential effects of E2F-1 on G1 exit in wild-type versus p53-deficient mice illustrate the combinatorial power of viral gene delivery to genetically defined recipients: E2F-1 can override the G1/S checkpoint in postmitotic ventricular myocytes in vitro and in vivo, but leads to apoptosis even in p53 Ϫ / Ϫ mice. ( J. Clin. Invest. 1997. 100:2722-2728.)
Introduction
Biological control of the cell cycle entails a series of checkpoints regulated by cyclin-dependent protein kinases (Cdks) 1 and their obligatory activating partners, the cyclins (1, 2) . Cdk activity governs, first, a restriction point at the G1/S boundary, via pocket protein phosphorylation and resulting release of E2F transcription factors required for DNA synthesis (3) . Blocking E2F-1 function with a Cdk inhibitor (4), nonphosphorylatable pocket proteins (5), or E2F sites as a transcription factor decoy (6) has been applied successfully in vivo to inhibit proliferation in the vessel wall, where pathology is associated with excess growth. A reciprocal strategy would attempt to reinduce proliferation in settings where growth may have therapeutic benefit, e.g., to restore cardiac myocyte number after myocardial infarction, as a conceptual alternative to cell transplantation (7) .
We demonstrated previously a pocket protein-dependent pathway for growth arrest in neonatal cardiac myocytes, using adenoviruses to deliver the adenoviral protein E1A (8) ; like SV40 large T antigen (TAg), E1A binds Rb, displacing E2F (9) . All actions of E1A in neonatal cardiac myocytes were reproduced by E2F-1 (10). Hence, cell cycle reentry was not contingent on associated properties of E1A. However, these results do not address the potential capability of E2F-1 to provoke terminally differentiated, adult cardiac myocytes to resume cycling de novo, a prerequisite for eventual clinical potential, and a fundamental issue for the biology of postmitotic cells (see reference 11) .
Here, we used adenoviral delivery of E2F-1 to test whether forced expression of E2F-1 could provoke G1 exit even in postmitotic adult ventricular myocytes, and, second, whether adult ventricular myocardium likewise would be responsive to E2F-1 in vivo. A foreseeable obstacle to this approach in cardiac myocytes (8, 10 ) is that, as in other cell types, E2F-1 can not only provoke G1 exit but also apoptosis, which may be dependent largely on the tumor suppressor, p53 (12) . This mechanism is viewed as a further control against inappropriate cell cycle entry in normally quiescent cells. Thus, although technically less straightforward than larger mammals, use of the mouse for cardiac injections would confer an opportunity for synergy between viral gene delivery and genetically engineered recipients. Therefore, we compared wild-type mice with mice lacking p53 (13) to test whether disruption of this gene facilitates cell cycle traversal induced by E2F-1, alleviating p53-dependent effects on checkpoints, apoptosis, or both in the adult heart. cytomegalovirus (CMV) immediate-early promoter, was provided by J. Nevins (12) . Adenovirus containing CMV-driven human Bcl-2 was provided by G. Chinnadurai (14). Control adenoviruses containing the CMV immediate-early promoter alone (15) and CMV-driven Escherichia coli ␤ -galactosidase, modified by a nuclear localization signal (nls-LacZ) (8), were described previously.
Cell culture and adenovirus infection in vitro. Adult ventricular myocytes were isolated from 250-300-g male Sprague-Dawley rats and cultured in serum-free medium 199 (16). For epifluorescence microscopy, ventricular myocytes were transferred to glass coverslips coated with 20 g/ml laminin (T. Borg, University of South Carolina); for Western blot studies, laminin-treated 35-mm plastic dishes were used. Cells were infected with recombinant adenoviruses ‫ف‬ 40 h after plating, and analyzed 24-72 h after infection. Myocytes received each test virus at a concentration of 100 plaque-forming units (PFU)/cell, which achieves gene delivery to Ն 80% of adult ventricular cells (16). To avoid factitious differences between groups resulting from virus itself or promoter competition, all cultures received a total of 200 PFU/ cell, keeping the dosage constant using the empty adenovirus described above, which contains the CMV transcriptional control region but no cDNA. DNA synthesis was monitored as the incorporation of 5 Ј -bromodeoxyuridine (BrdU), added 54-72 h after infection, using fluorescein-conjugated mouse antibody IgG 1 against BrdU (Boehringer Mannheim Biochemicals, Indianapolis, IN) (8, 10) . Cardiac myocytes were labeled using MF20 antibody to sarcomeric myosin heavy chains (American Type Culture Collection, Rockville, MD) and rhodamine-conjugated sheep anti-mouse IgG. To visualize nuclear fragmentation induced by E2F-1, myocytes were stained with Hoechst dye 33258 for nuclear DNA. Apoptosis was assessed using the terminal transferase-mediated dUTP-biotin nick end-labeling (TUNEL) assay (10). The prevalence of apoptosis and BrdU-positive nuclei was determined for a total of at least 200 cells for each condition shown, in 6-12 replicate cultures, comprising two to four independent myocyte preparations.
Western blot analysis. Cell lysates (25 g/lane) were resolved by SDS-PAGE and transferred electrophoretically to nitrocellulose. For detection of E2F-1, the filter was incubated for 1 h with mouse IgG 2a against human E2F-1 (KH95, 1 g/ml; Santa Cruz Biotechnology Inc., Santa Cruz, CA). For proliferating cell nuclear antigen (PCNA), the filter was incubated overnight with mouse IgG 2a against human PCNA (PC10, 1 g/ml; Santa Cruz Biotechnology Inc.). For cell division cycle 2 kinase (Cdc2), the filter was incubated overnight with rabbit antibody against human Cdc2 (C-19, 1 g/ml; Santa Cruz Biotechnology Inc.). Secondary antibodies were 0.5 g/ml of horseradish peroxidase-conjugated sheep antibody against mouse IgG (Amersham Corp., Arlington Heights, IL) for E2F-1 and PCNA, and 0.5 g/ml donkey anti-sheep IgG for Cdc2 (Amersham Corp.). Bound antibody was detected as chemiluminescence using ECL reagents (Amersham Corp.).
In vivo injection. 8-wk-old wild-type and p53 Ϫ / Ϫ strain 129 mice (13) were subjected to apical intramyocardial injection under direct visualization after thoracotomy (15); these conditions result in gene delivery to ‫ف‬ 40% of ventricular myocytes in the cardiac apex (15) . Wildtype mice were inoculated with 10 10 PFU of recombinant adenovirus containing CMV-driven E2F-1 ( n ϭ 7), CMV-driven nls-LacZ ( n ϭ 4), or the CMV immediate-early promoter with no cDNA ( n ϭ 2); p53 Ϫ / Ϫ mice were injected with CMV-driven E2F-1 ( n ϭ 4) or CMVdriven nls-LacZ ( n ϭ 2).
Histology. Mice were analyzed 2-7 d after injection. For measurements of DNA synthesis, mice were inoculated every 12 h by intraperitoneal injection with 1 ml of 10 mM BrdU. Hearts were bisected, mounted in freezing medium, and frozen in liquid nitrogen. Cryostat sections (4-6 m) were obtained using a coronal plane of section, and were fixed in 4% formaldehyde for 10 min. For E2F immunocytochemistry, sections were incubated with 0.3% H 2 O 2 in methanol to inactivate endogenous peroxidase, then with rabbit antibody to E2F-1 (Santa Cruz Biotechnology Inc.), biotinylated goat antibody against rabbit IgG, and avidin-conjugated horseradish peroxidase (Santa Cruz Biotechnology Inc.). BrdU incorporation was detected using horseradish peroxidase-conjugated mouse antibody against BrdU (Boehringer Mannheim Biochemicals). Sections were incubated in diaminobenzidine/10% hydrogen peroxide for 10 min and counterstained with eosin.
Quantitative image analysis of Feulgen-stained nuclei was performed as described (10). Only morphologically intact nuclei were scored. Normal rat liver was the internal control for calibration of DNA content. For BrdU cytophotometry and TUNEL analysis, ‫ف‬ 100 cardiac nuclei were examined from each of two to three independent injections for each determination. Results were compared by ANOVA and the 2 test, using a significance level of P Ͻ 0.05.
Results
As a prelude to establishing the potential impact of E2F-1 on adult ventricular myocytes in vivo, postmitotic adult rat ventricular myocytes were studied in vitro, using serum-free medium to prevent the confounding effects of dedifferentiation over the time course of the experiment (17, 18) . Adenovirus encoding E2F-1 evoked DNA synthesis in 19% of adult rat ventricular myocytes 72 h after infection, vs. 0% of cells infected with the control virus ( 2 ϭ 72.5; P Ͻ 0.0001; Fig. 1 , M and N ); DNA synthesis was not detected at earlier time points. Sustained exposure to BrdU was chosen (18 h), given the need to detect a potentially infrequent response and the unknown kinetics for DNA synthesis in this terminally differentiated, postmitotic preparation. Because the prevalence for G1 exit was only 19%, even with the protocol used here, no further attempt was made to estimate S phase with a briefer pulse of BrdU. G1 exit was accompanied by the induction of PCNA and the mitotic Cdk, Cdc2, which were assayed as two representative E2F-dependent genes (19) (Fig. 1 R ) . Thus, E2F-1 provokes G1 exit in postmitotic ventricular myocytes, as measured not only by DNA synthesis, but also by the expression of these endogenous cell cycle regulators. Cdk4 was also induced, indicating that exogenous E2F-1 can reverse the downregulation of Cdk4 that ordinarily occurs in adult myocardium (20, 21) . However, no increase in cell number was seen, and mitotic figures were not detected even in adult ventricular myocytes receiving E2F-1 ϩ Bcl-2.
As observed previously in neonatal ventricular myocytes (10), G1 exit triggered by E2F-1 was accompanied by apoptosis: 39% were positive for the TUNEL reaction, vs. 1.2% of adult ventricular myocytes infected with the control virus ( 2 ϭ 21.9, P Ͻ 0.0001; Fig. 1, I and J ). Apoptosis was alleviated by coinfection with Bcl-2 (17%; 2 ϭ 26.2, P Ͻ 0.0001, vs. E2F-1 alone; Fig. 1 L ) , and this was accompanied by a further, reciprocal increase in BrdU-positive cells (47%; 2 ϭ 19.2, P ϭ 0.0001, vs. E2F-1 alone; Fig. 1 P ) . The combined proportion of BrdU-and TUNEL-positive nuclei was comparable in cells receiving E2F-1 versus E2F-1 ϩ Bcl-2. Bcl-2 by itself did not induce DNA synthesis (Fig. 1 O ) . The prevalence of apoptosis and BrdU-positive nuclei was determined in at least six cultures and a total of at least 200 cells, for each condition shown, and was similar in each of these replicate studies. Similar results were seen using Hoechst dye 33258 to assess nuclear fragmentation (Fig. 1, A-D ) . In other cell types, Bcl-2 is known not to override the G2/M checkpoint (22, 23) . Thus, the results are more consistent with the relative rates of G1 exit, or merely the rescue of cycling E2F-infected cells, when exogenous Bcl-2 is provided, than with the theoretical possibility that Bcl-2 overrides the block to DNA synthesis in G2/M. We have not examined later time points systematically, given the risk that adult cardiac myocytes dedifferentiate over more extended periods in cell culture, which can itself affect the susceptibility to cell cycle reentry (24). Thus, we do not exclude the possibility that Bcl-2 delays rather than prevents E2F-1-dependent apoptosis.
To test whether the G1 checkpoint could also be overcome by E2F-1 in adult myocardium, apical injections were performed, under direct visualization after thoracotomy (15) (Fig.  2) . Expression and nuclear localization of E2F-1 first were confirmed by indirect immunohistochemistry (Fig. 2, A and  B ) . 3 d after infection with E2F-1, BrdU incorporation was detected in ventricular myocytes and nonmuscle cells of both p53-deficient and wild-type animals (Fig. 2, C and E ) . BrdU incorporation was not detected either in the uninjected left ventricular free wall of hearts receiving E2F-1 (Fig. 2 D ) , or in myocardium receiving the control virus encoding nls-LacZ (Fig.  2 F ) . To rule out fortuitous disparities in the efficacy of virus uptake or expression, both p53 genotypes were compared after injection of virus encoding nls-LacZ: no significant difference was seen between strains in the prevalence of adenoviral transduction (Fig. 2, G and H ) . To confirm a bona fide increase in DNA content and to test for completion of S phase, sections were analyzed by Feulgen cytophotometry (10) (Fig. 2, I and J ). In uninjected regions of both strains, or in regions injected with the control virus encoding nls-LacZ, a single G0/G1 peak predominated. Under these two control conditions, virtually no nuclei were detected in G2/M in either genetic background, and the absence of p53 had no significant effect on G1 exit (96 vs. 94% in G0/G1, in wild-type vs. p53-null mice). By contrast, in wild-type mice, E2F-1 caused G1 exit in 15% of nuclei ( 2 ϭ 17.6, P Ͻ 0.0001, vs. nls-LacZ), with 7% in G2/M. In p53 Ϫ/Ϫ mice, this was increased more than twofold, to 34% ( 2 ϭ 89.5, P Ͻ 0.0001, vs. nls-LacZ; 2 ϭ 37.6, P Ͻ 0.0001, vs. wild-type mice injected with E2F-1); 17% of nuclei were in G2/M. No mitotic figures were detected.
The apparent augmentation of G1 exit triggered by E2F-1 Figure 2 . Endogenous p53 inhibits the action of E2F-1 in adult myocardium in vivo. (A and B) E2F-1 expression and intracellular targeting in vivo first were tested 4 d after intramyocardial injection using p53-deficient mice, which were postulated to comprise a more permissive environment for cell cycle reentry. (A) Nuclear localization of E2F-1, after injection of adenovirus containing CMV-driven E2F-1; (B) absence of factitious staining, using mouse IgG as the irrelevant primary antibody. (C-J) Wild-type and p53-deficient mice inoculated with adenovirus containing CMV-driven E2F-1 versus CMV-driven nls-LacZ were analyzed 3 d after injection, by immunostaining for BrdU (C-F), X-gal staining (G and H), and image analysis of Feulgen-stained nuclei (I and J). Cell cycle reentry was induced by exogenous E2F-1 in both genetic backgrounds; however, the prevalence of G1 exit (substantiated as DNA content per nucleus) and of accumulation in G2/M was threefold higher in p53-null mice (10% in wild-type vs. 30% in p53-null mice). Bar, 50 m. The DNA histograms (I) indicate ‫ف‬ 100 nuclei from a single mouse for each condition shown, and are representative of two to three independent injections. Mean results are shown in J.
in p53-deficient mice could in principle result from effects on cycling per se, or on differences in the survival of successfully infected cells. To explore whether the p53 effect might occur through apoptosis, in situ nick end-labeling was performed (Fig. 3, A-D and G) . 3 d after injection, the prevalence of TUNEL-positive nuclei was Ͻ 1% in the uninjected control regions (left ventricular free wall) for both strains receiving E2F-1, and 3% for injected regions of wild-type mice receiving nls-LacZ. By contrast, apoptosis increased to 46% in the injected regions of wild-type mice receiving E2F-1 ( 2 ϭ 76.5, P Ͻ 0.0001, vs. nls-LacZ), and was not significantly affected by the absence of p53 (40%). Consequently, apoptosis induced by E2F-1 in postmitotic myocardium is largely p53-independent. Furthermore, rapid mortality also resulted in both strains, within 5 d after injection of E2F-1 (Fig. 3 H) . Scarring and myocyte loss were evident in apical myocardium 7 d after injection with E2F-1, but not with nls-LacZ (Fig. 3, E and F) .
Discussion
To our knowledge, the finding that E2F-1 suffices for reactivation and completion of DNA synthesis in postmitotic cardiac muscle in vivo is the first demonstration that cell cycle reentry can be triggered de novo in the adult heart by any exogenous gene, and-despite evidence for E2F as sufficient for S phase elsewhere (19)-the first indication that E2F-1 can override this constraint in postmitotic mammalian cells. Thus, this investigation complements work on E2F in cardiac (10) and skeletal myocytes (25, 26) before irreversible exit from the cell cycle. By contrast, some cell types are refractory to E2F-1, despite responsiveness to TAg (27) . Notably, among these, postmitotic skeletal myocytes are reportedly susceptible to cell cycle reentry induced by TAg (28, 29) or E1A (30), but not by E2F-1 (31) . This discrepancy may be explained by host cell proteins bound by TAg and E1A apart from pocket proteins, Figure 3 . E2F-1 provokes apoptosis in adult myocardium and rapid mortality, through a p53-independent pathway. Wild-type and p53-deficient mice inoculated with adenovirus containing CMV-driven E2F-1 versus CMV-driven nls-LacZ were analyzed by the in situ TUNEL technique (A-C and G) and X-gal staining (D and F). Apoptosis was specific to the injected region of myocardium and was not evoked by the control virus encoding LacZ (A-D). Marked myocyte loss at the site of injection with E2F-1 is apparent at 7 d (E), but did not result from intramyocardial injection of the control virus (F). The apical region of injection appears at the bottom of each long-axis section shown in A-F. The calibration bar in F denotes 500 m for each panel, and 100 m for the insets. (H) E2F-1-induced mortality after intramyocardial injection also was independent of p53.
including p300 (32) (33) (34) , or by differences in control of endogenous cell cycle regulators. For example, upregulation of endogenous cardiac cell cycle proteins, including Cdk4 but not Cdc2, was noted in transgenic mice with cyclin D1 targeted to myocardium (35) , overlapping only partially the response to exogenous E2F-1. In this context, it is noteworthy that angiotensin II and FBS both reportedly cause hyperphosphorylation of Rb in neonatal rat cardiac myocytes, under conditions that do not lead to DNA synthesis (36) : it is unknown whether free E2F was increased, as would be predicted, whether differences in endogenous E2F itself versus other proteins account for this uncoupling, or whether E2F, in such circumstances, plays a functional role in hypertrophic growth.
While the long-term potential for therapeutic interventions aimed at the cardiac cell cycle is encouraged by our report, several obstacles are readily apparent. S phase entry was accompanied by widespread apoptosis, indicating a need for Bcl-2 or alternative antiapoptotic genes. Successful coinfection of cardiac myocytes by two adenoviruses is achievable in vivo (15) , but the uncertain prevalence for coinfection suggests that this would be better addressed using tandem expression cassettes, or, for murine studies, by overexpressing Bcl-2 in myocardium. Moreover, E2F-1 expression or function would presumably need to be reversible. Given the extensive myocyte loss and precipitous death induced by E2F-1, arrhythmogenic foci are a likely explanation for mortality here, but systemic effects cannot be ruled out; a useful refinement would be delivery using a cardiac-specific promoter. Whereas forced expression of wild-type p53 can be sufficient for apoptosis in cardiac myocytes (37, 38) , p53-independent mechanisms have been noted as a cause for apoptosis in other cell types, such as during G2/M (39), or in Rb-deficient cells (40) and animals (41) . The higher prevalence for apoptosis than for BrdU synthesis, after in vitro infection with E2F-1, may appear confusing. Highlighted by a very recent report (42) , apoptosis and cell cycle reentry induced by E2F proteins are neither mutually dependent nor obligatorily linked: E2F-2 and E2F-3 can reactivate the cell cycle without triggering cell death, although this property has not yet been tested in adult cardiac muscle or other postmitotic cells. This conclusion, that apoptosis and cell cycling are independent effects of E2F, also draws support from the mutagenesis of E2F-1 itself (40) . Consequently, adult ventricular myocytes might be more susceptible to the apoptotic pathway induced by E2F-1 than to G1 exit, under these experimental conditions. Alternatively, apoptosis might merely precede DNA synthesis. Furthermore, in the absence of exogenous Bcl-2, the loss of some BrdU-positive cells is likely by the 72-h time point shown, after infection with E2F-1 alone. However, BrdU-positive myocytes were never seen 24 or 48 h after infection.
More fundamentally, we observed a more than twofold increase in the proportion of cells entering and completing S phase after delivery of E2F-1 to p53-null mice, as demonstrated by accumulation of cells in G2/M. This supports a cooperative role for p53 and pocket proteins in maintaining cell quiescence in adult myocardium. The failure to progress beyond this G2/M checkpoint is noteworthy. With the ability to trigger de novo cell cycle reentry, viral delivery of E2F-1 complements related studies of the postmitotic cardiac phenotype in transgenic mice that overexpress cyclin D1 (35) . Notably, both approaches have identified a corresponding need for interventions focused on genes controlling the G2/M boundary as a further target to promote cell cycle reentry in the adult heart.
